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Abstract: Black ash (Fraxinus nigra Marsh.) exhibits canopy dominance in regularly inundated
wetlands, suggesting advantageous adaptation. Black ash mortality due to emerald ash borer
(Agrilus planipennis Fairmaire) will alter canopy composition and site hydrology. Retention of these
forested wetlands requires understanding black ash’s ecohydrologic role. Our study examined the
response of sap flux to water level and atmospheric drivers in three codominant species: black ash,
red maple (Acer rubrum L.), and yellow birch (Betula alleghaniensis Britt.), in depressional wetlands
in western Michigan, USA. The influence of water level on sap flux rates and response to vapor
pressure deficit (VPD) was tested among species. Black ash had significantly greater sap flux than
non-black ash at all water levels (80–160% higher). Black ash showed a significant increase (45%) in
sap flux rates as water levels decreased. Black ash and red maple showed significant increases in
response to VPD as water levels decreased (112% and 56%, respectively). Exploration of alternative
canopy species has focused on the survival and growth of seedlings, but our findings show important
differences in water use and response to hydrologic drivers among species. Understanding how
a replacement species will respond to the expected altered hydrologic regimes of black ash wetlands
following EAB infestation will improve species selection.
Keywords: transpiration; Fraxinus nigra; ecohydrology; emerald ash borer; mitigation; water table;
flooding; inundation
1. Introduction
Emerald ash borer (EAB, Agrilus planipennis Fairmaire), an exotic insect native to Asia and first
detected in southeastern Michigan, USA, in 2002, has been spreading outward after introduction [1,2].
EAB has caused a regional trend of declining native ash (Fraxinus spp.) populations in the Great Lakes
States observable since 2004 [3]. The loss of native ash throughout their ranges in North America has
been shown to have important economic [4], cultural [5], and ecological [6] impacts. The northwestern
periphery of the expanding infestation includes areas where black ash (Fraxinus nigra Marsh.) plays an
important role on the landscape [7] (Figure 1). Black ash grows on wet sites with persistently high
water tables or seasonal inundation [8]. These wet sites are classified as northern hardwood swamps
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in Michigan [9] and Wisconsin [10], and northern wet ash swamps and northern very wet ash swamps
in Minnesota [11]. Black ash is the dominant canopy species in all of these classifications, which makes
them of particular concern regarding EAB infestation. Current research is studying the anticipated
effects of EAB infestation in these communities on vegetation composition [12,13], hydrology [14,15],
suitable replacement species and planting strategies [16–18], and carbon and nitrogen cycling [18–20].
Hydrology is an important control on wetland ecotype and function [21], so that alteration to
the hydrology of a wetland can lead to a change in wetland ecotype, or conversion to open water or
mesic forest. Evapotranspiration is a major driver of hydrologic regimes; in the Great Lakes region,
evapotranspiration accounts for 50–70% of annual precipitation [22]. In depressional wetlands of
western Michigan, black ash can account for up to 70% of growing season canopy transpiration [15].
Therefore, disturbance of the forest canopy is likely to affect the hydrology of the wetland [23–25].
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Slesak et al. [14] and Van Grinsven et al. [15] both present two years of post-treatment data. Longer 
records of the hydrologic response of these wetlands to the loss of black ash as the dominant canopy 
species is not available due to the relatively recent infestation of EAB in these sites. 
The importance of the forest canopy in wetland function has led to studies focused on suitable 
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Figure 1. Extent of contiguous counties e erald ash borer in 2017 [26] and the current
Importance Value of black ash in the United States derived from US Forest Service Forest Inventory and
Analysis data [7]. Initial Emerald ash borer (EAB) detection in Wayne County, Michigan, USA (2002)
and study site locations also shown.
Recent research in black ash wetlands has shown a significant hydrologic response to the loss
of black ash in the canopy following treatments aimed at simulating infestation of EAB or potential
preemptive management approaches [14,15]. In both studies, water table elevation increased and/or
rates of water table drawdown through the growing season were reduced following treatment when
compared to unharvested control sites. These anticipated changes to the hydrology of EAB-infested
black ash wetlands may result in more frequent and longer-lasting soil saturation and inundation.
Slesak et al. [14] and Van Grinsven et al. [15] both present two years of post-treatment data. Longer
records of the hydrologic response of these wetlands to the loss of black ash as the dominant canopy
species is not available due to the relatively rec nt infestati of EAB in these ites.
The i portanc of the fore t canopy in wetland function has led to studies focused on s itable
replacement species for black ash with respect to the survival and growth of seedlings [16–18], but to
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our knowledge, none have studied the suitability of replacement species regarding the ecohydrologic
function of mature individuals. The dominance of black ash as a canopy species in these wetland
communities suggests adaptation to inundation and saturated soils [27]. Hypertrophied lenticels and
adventitious roots have been observed on black ash (Personal Observation, [28]). Tardiff et al. [28]
found that black ash regeneration could favor sexual or asexual reproduction dependent upon
water levels. Green ash (Fraxinus pennsylvanica Marshall) has been shown to regulate stomatal
openings, developing adventitious roots, hypertrophied lenticels, and aerenchyma tissues in response
to inundation [29,30]. Other species, including red maple (Acer rubrum L.) [31], sweetgum (Liquidambar
styraciflua L.), [32], white spruce (Picea glauca, (Moench) Voss) and tamarack (Larix laricina (Du Roi)
K. Koch) [33], and American elm (Ulmus americana L.) [34], have shown some of these responses in
seedlings in controlled settings. These adaptations as observed in seedlings may not be sufficient
to sustain mature populations, as differences persist among wet-site adapted species with respect
to long-term inundation and inundation during sensitive periods [35]. Mature individuals of
flood-adapted species frequently continue transpiration during periods of inundation [23,32,36],
but no study has examined species-level variation in transpiration under inundated conditions.
We aim to inform long-term predictions about the effects of EAB on the hydrology of black ash
wetlands by examining the effect of the water table on sap flux rates and the effect of the water table
on the sap flux response to atmospheric drivers. We hypothesize higher rates of sap flux in black ash
than in codominants at high water levels, with the difference diminishing as water levels decrease. We
also hypothesize a suppressed sap flux response to vapor pressure deficit in codominants relative to
black ash as water levels increase.
2. Materials and Methods
2.1. Study Area
Six study sites were located in the Ottawa National Forest in the western Upper Peninsula of
Michigan, where mean annual precipitation is 1010 mm and mean annual temperature is 4.2 ◦C [37].
Sites were northern hardwood swamps as described by Kost et al. [9], with the most abundant canopy
species being black ash 19 m2 ha−1, yellow birch (Betula alleghaniensis Britt.) 3.5 m2 ha−1, and red
maple 2.5 m2 ha−1 [12]. The wetlands were located in landscape depressions and had an average
size of 0.4 ha (range: 0.2–0.8 ha). Soils were histosols over poorly-sorted till or clay with an average
depth to a confining layer of 118.8 cm. In three of the study sites, black ash stems greater than 2.54 cm
diameter at breast height (DBH, 1.37 m) were girdled in the winter of 2013 to mimic an EAB infestation.
Girdled black ash were not included in this study and girdling impacts on red maple and yellow birch
were not addressed by this study.
2.2. Field Measures
Sap flux data were collected during the 2012, 2013, and 2014 growing seasons using 2 cm
thermal heat dissipation probes [38,39] centered at DBH. To avoid potential impacts of probe age [40],
new probes were installed during each growing season at a 60◦ offset around the circumference of
the sampled stem. Probes were insulated using foam insulation and reflective wrapping to avoid the
influence of external temperature gradients [41]. Voltage differentials were logged at 15-min intervals
at each study site using a CR1000 datalogger and two AM 16/32B multiplexers (Campbell Scientific,
Logan, UT, USA). Sample trees were selected across the range of diameter sizes observed in vegetation
surveys (Table 1) [12]. Measurements across all study sites were collected on six black ash stems (at
four sites), five red maple stems (at three sites), and six yellow birch stems (at four sites). Sapwood
area for black ash was predicted from diameter at breast height using a linear regression fit with
visually-determined sapwood area from stem cross-sections of felled ash trees. Existing empirical
equations were used to calculate sapwood area for yellow birch [42] and red maple [43].
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A 5 cm inner-diameter monitoring well was installed at each study site close to the wetland outlet,
and a pressure transducer (Levellogger Junior M5, Solinst Canada Ltd., Georgetown, ON, Canada)
recorded water levels at 15-min intervals [15]. The elevation of the root collar of each sampled stem
relative to the corresponding study site monitoring well was determined by an optical survey (Leica
Viva TS11 Manual Total Station, Leica Geosystems, Inc., Norcross, GA, USA).
Table 1. Number of trees instrumented for sap flux measurements along with mean diameter and
diameter ranges of instrumented trees.
Species Number of Instrumented Trees Mean Diameter (cm) Range of Diameters (cm)
Black Ash 6 25.58 15.00, 40.00
Red Maple 5 23.12 18.00, 34.10
Yellow Birch 6 24.62 13.00, 39.10
Daily [44] and hourly [45] meteorological data were retrieved from remote automated weather
stations located in Wakefield, MI (WKFM4, UTM 16N 282871, 5146850) and Pelkie, MI (PIEM4, UTM
16N 373047, 5182028), which are within 26.1 km of our study sites. Mean daily daylight-normalized
vapor pressure deficit (Dz) was calculated as the mean daily vapor pressure deficit where solar radiation
was greater than or equal to 50 W m−2 [46,47].
2.3. Data Analysis
Sap flux densities (Qs; m3 m−2 s−1) were calculated for black ash using an empirical equation
derived for European ash (Fraxinus excelsior L.) [48], which better represents the ring-porous structure
of black ash:
Qs
(
m3 m−2 s−1
)
= 2.023
(
∆Vm − ∆V
∆V
)2
+ 0.428
(
∆Vm − ∆V
∆V
)
, (1)
where Qs is the sap flux density in m3 m−2 day−1, ∆V is the voltage differential across the probes, and
∆Vm is the maximum ∆V for that day.
For red maple and yellow birch, voltage differentials were converted to sap flux densities using
the empirical equation from Lu ([49]), modified from Granier [38,39]:
Qs
(
m3 m−2 s−1
)
= 118.9× 10−6 ×
(
∆Vm − ∆V
∆V
)1.231
, (2)
where all definitions are as above.
For all species, when sapwood depth was less than the length of the probe, corrected voltage
differentials were calculated according to Clearwater et al. [50]. Instantaneous sap flux density was
assumed to be constant over the logging interval and daily sap flux densities (Js; m3 m−2 day−1) were
calculated as the sum of Qs for each sensor. To remove the influence of phenological differences among
species on measured sap flux [51], only data from June, July, and August were included in the analysis.
Daily mean water level for each well was calculated from logged 15-min data. Water level relative
to the root collar of each sample tree was calculated as the monitoring well water level minus the
relative elevation difference between the soil surface at the monitoring well and the root collar. For the
analysis of species-level differences at high, mean, and low water levels, water levels were binned with
breakpoints defined as µ± 0.5σ. Breakpoints were calculated separately for each species to account for
differences in relative elevation.
Response of daily sap flux to daylight-normalized vapor pressure deficit and binned mean daily
water level was fit using a mixed-effects model with the lme4 package [52] in R [53,54]. Species,
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water table bin, and square-root transformed Dz were used as fixed effects, and each probe as the
random effect:
Js
(
g cm−2 day−1
)
= Species×WLbin ×
√
Dz(kPa) + (WLbin ×
√
Dz(kPa) | probe), (3)
where Js is the cumulative daily sap flux, WLbin is the binned water level, and Dz is the
daylight-normalized vapor pressure deficit.
Differences in sap-flux response to Dz and water level were compared among and within species
using the emmeans package [55]. For all comparisons, p-values were adjusted using the Tukey
post-hoc method.
3. Results
3.1. Stem Elevations and Water Levels
In all cases, the stem root collar was at a higher elevation than the soil surface at the monitoring
well. Relative root collar elevations were significantly lower in black ash (mean: 33.3 cm, standard error
(se): 1.8 cm) compared with red maple (mean: 42.8 cm, se: 3.0 cm) and yellow birch (mean: 45.3 cm,
se: 2.4 cm). Water levels relative to the surveyed root collar elevation ranged from −82.6 to 1.9 cm in
black ash, −122.1 to −21.2 cm in red maple, and −127.0 to −18.5 cm in yellow birch (Table 2).
Table 2. Range of observed water levels (cm) for each species and water level bin. Water levels are
reported as distance above (+) or below (−) the tree root collar.
Species MinimumObserved (cm)
Low/Mean
Threshold (cm)
Mean
Observed (cm)
Mean/High
Threshold (cm)
Maximum
Observed (cm)
Black Ash −82.6 −46.5 −37.3 −28.0 1.6
Red Maple −122.1 −61.8 −51.7 −41.7 −21.2
Yellow Birch −127.0 −62.0 −51.9 −41.8 −18.5
3.2. Mean Sap Flux Rates, Individual Drivers, and Interaction of Drivers
The complete model (Equation 3) had a marginal R2 of 0.29 and a conditional R2 of 0.80 [56], effect
size and exact p-value for all pairwise comparisons can be found in Table S1. Daily sap flux rates were
significantly greater in black ash than in non-black ash species at all water levels (Table 3). Within black
ash, daily sap flux dropped significantly between each increasing water level bin (Table 3). There were
no significant differences in daily sap flux rates among water level bins for red maple or yellow birch
(Table 3). When Dz and water level are considered as separate drivers, all species showed a positive
relationship between square-root transformed Dz and daily sap flux (Figure S1). Sap flux in black ash
showed a negative response to increasing water levels, red maple no response to water level changes,
and yellow birch a slight positive response to water level as an individual driver (Figure S1).
Table 3. Estimated marginal mean sap flux (m3 m−2 day−1) and standard error by species and water
level bin.
Species Low Water Level Mean Water Level High Water Level
Black Ash 4.00± 0.30 a; 1 3.13± 0.29 a; 2 2.76± 0.31 a; 3
Red Maple 1.63± 0.21 b; 1 1.60± 0.21 b; 1 1.49± 0.22 b; 1
Yellow Birch 1.52± 0.20 b; 1 1.56± 0.20 b; 1 1.51± 0.21 b; 1
a, b, c indicate signficance (α = 0.05) between species within a water level bin (column-wise); 1, 2, 3 indicate
significance (α = 0.05) within a species across water levels (row-wise).
In black ash, the response of sap flux to Dz showed a significant reduction at high water levels
compared to low and mean water levels (Figure 2, Table 4). Red maple showed a significantly stronger
Forests 2018, 9, 147 6 of 12
positive response of sap flux to Dz at lower water levels when compared to mean and high water levels.
There was no significant change with water level in the response of sap flux to Dz for yellow birch
(Table 4). At low and mean water levels, sap flux response to Dz was significantly greater in black ash
than in yellow birch, but not greater than red maple. No difference among species was observed in
response to Dz at high water levels (Table 4).
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Table 4. Marginal mean slope stimates and standard er ors of sap flux (m3 2 day−1) response to
square-root transformed aylight-normalized va r ress re eficit (kPa).
Species Low Water Level Mean Water Level High Water Level
Black Ash 5.23± 0.60 a; 1 4.12± 0.61a; 1 2.46± 0.57 a; 2
Red Maple 3.60± 0.48 a,b; 1 2.47± 0.41a,b; 2 2.30± 0.40 a; 2
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significance (α = 0.05) within a species across water levels (row-wise).
4. Discussion
4.1. Effects of Water Level on Sap Flux Rates and Response to Atmospheric Drivers
As hypothesized, we observed significantly higher sap flux rates in black ash than in codominants.
However, the difference between black ash and non-black ash sap flux rates was greatest at low water
levels, and lowest at high water levels, which is contrary to the second component of this hypothesis.
This response was likely driven by physiological differences between black ash and non-black ash in
response to low water levels or changes in water level.
This study did not examine physiological differences or physiological responses between species
in these sites t ugh adaptations have been bserve in black ash and red maple (see above).
Seedling studies have shown hat wetland species are kn wn o adapt in a variety f ways, including
stomatal closure, hypertrophied lenticels, a renchyma tissue formation, adventitious root growth,
and reproductive resilience. In addition to sp cies-level adaptations, the growing conditions of an
individual stem may also lea the improved tolerance of inundation. Individuals from wet-site
pop lations, or those expose to early inu dation or continued wet soil conditions, recovered more
quickly and fully from inundation treatments [57–59]. This suggests that beyond species selection for
canopy replacement, stock source and early growing conditions may need to be considered to best
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match the current ecohydrologic function of black ash. Likely, it is a collection of these species- and
individual-level adaptations that leads to black ash dominance on wet sites in the Great Lakes region
and elsewhere, as Mistch and Rust [60] suggested for riparian tree growth.
Few studies have directly assessed the role of the water table on sap flux or transpiration.
Using a similar study design to our own, McJannet [36] found that broad-leaved paperbark
(Melaleuca quinquenervia (Cav.) S. T. Blake), a wetland-adapted species, showed no change in
transpiration with inundation. Bald cypress (Taxodium distichum (L.) Rich), another species that
exhibits canopy dominance in sites with regular and prolonged inundation, significantly increased
sap flux during periods of inundation [61]. The results from both broad-leaved paperbark and bald
cypress are in contrast to the response of black ash in this study, where a reduction in water levels
caused a significant increase in sap flux rates, while inundation led to suppressed sap flux. Further
research on black ash in sites less prone to inundation would help determine if the observed high
sap flux rates at low water levels are the persistent state for black ash or if these rates occur only as
an adaption for recovery from periods of inundation. Broad-leaved paperbark is native to eastern
Australia and Oceania [8] and cannot be considered as a replacement species for black ash. The native
range of bald cypress extends north to southern Illinois, USA [62], but individual cold hardiness varies,
and planted individuals can survive as far north as Hayward, WI, USA [63]. No research has been
conducted on bald cypress as a canopy replacement species for black ash.
We did not observe a suppressed response to atmospheric drivers in codominants relative to
black ash as water levels increased, as we hypothesized. At all water levels, black ash and red maple
responded similarly to Dz, and at low and mean water levels, black ash showed a significantly stronger
response than yellow birch. While black ash and red maple both showed a significantly stronger
positive response to Dz with decreasing water levels, the response in red maple did not lead to
significantly higher sap flux rates. This suggests that red maple is adapted to respond to changing
water levels, but the response is less vigorous than that of black ash.
Atmospheric conditions and energy availability are well-known drivers of sap flux [43,46,64,65].
In contrast, the results of studies on the effect of soil moisture have been more mixed, with much of
the existing research focused on soil moisture deficit as a limiting factor of transpiration [43,66–68].
Specifically, within a wetland-upland transition in northern Wisconsin, Traver et al. [69] report that
atmospheric drivers were more important than edaphic conditions for understanding spatial patterns
of transpiration. However, significant changes in water table position, such as those observed in these
systems following the removal or death of black ash [14,15], can be expected to have a greater impact
than the scale of soil moisture variation often studied, as inundation can lead to the suppression of
transpiration and growth, even in wetland-adapted species [27,35,70].
A study of black ash in Minnesota found that across sites with varying soil moisture regimes,
mean sap flux and response to Dz were greater in sites with greater soil moisture [71]. The authors
identified differences in sapwood depth and area in the black ash populations among sites, suggesting
that individual adaptation or site-induced selection may play a role in the results. The design of our
study, and the mixed-modeling approach in our analysis, allow us to test the effect of water level within
populations of individuals rather than among populations. It is difficult to compare within-population
trends to among-population trends when previous work has shown that adaptation to wet sites and
inundation occurs at the species and individual levels (see above), so that systemic variations may
occur at different levels.
4.2. Persistence of Hydrologic Change
The loss of black ash has been shown to lead to reduced water level drawdown during the
growing season and an earlier water level rebound in the fall following senescence [15]. As a result of
the inverse relationship between ash sap flux and water level, the rate of drawdown will be further
reduced late in the growing season when water levels have receded from their spring peaks. The lack of
an increase in sap flux in response to reduced water levels in non-ash species will result in the sustained
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reduction of water level drawdown, leading to earlier water level rebound in the fall. The end result
will be persistently higher water levels, both intra- and inter-annually, even if a similarly stocked forest
canopy of codominants becomes established. However, differences in microsite survivorship suggest
that a less dense forest canopy may be expected.
Black ash consistently occupies the hollows in a hummock and hollow landscape, evidenced
by black ash’s significantly lower relative root collar elevations. The data presented here cannot
confirm that non-black ash prefer hummocks in these sites, but observed water levels were never
above non-black ash root collars. The prevalence of black ash in the hollows, paired with a significant
increase in the survivorship of non-black ash seedlings planted on hummocks [18], suggest that
low-lying microhabitats in these sites may not be suitable for the future growth of mature individuals
of these species, precluding a significant area from potential restocking efforts. Following infestation,
increased water levels will reduce the prevalence of higher elevation microsites available for seedling
establishment, further increasing the potential for a less dense canopy.
Changes in the forest canopy will likely influence site hydrology in ways not examined in this
study. Changes in forest canopy closure or composition can be expected to change precipitation and
energy inputs to the site. As part of the ongoing research efforts to understand black ash stands and
anticipated changes brought on by EAB, the impacts of simulated EAB infestation on throughfall [12]
and changes in radiative energy reaching the shrub layer and vegetative ground cover have been
examined. Davis et al [12] found that the loss of the ash canopy without a mature canopy replacement
increased forest throughfall, though these results were confounded by high canopy heterogeneity.
The effect of changes to throughfall may be masked by other inputs, as sourcewater analysis of these
wetlands found groundwater contributions throughout the growing season [15]. A reduction of
radiative energy reaching the forest floor following EAB-induced mortality relative to the complete
removal of black ash will have the effect of suppressing the understory growth response and reducing
the potential evaporative demand from the soil surface and pooled water. In this way, a non-black
ash canopy with lower relative transpiration could have an even stronger negative effect on growth
and evapotranspiration, further contributing to the persistence of hydrologic changes in black ash
wetlands if seasonal canopy water use is less than black ash.
5. Conclusions
The loss of black ash as the dominant canopy species in wetlands in the northern Great Lakes
region will have short-term and potentially longer-term hydrologic impacts. If these sites are retained
as forested wetlands, either through natural regeneration or planting, the largest factor affecting the
persistence of hydrologic change will be the composition and density of the replacement canopy.
Some adaptation or suite of adaptations have resulted in black ash remaining historically dominant
at these sites. One expression of these adaptations is an increase in sap flux with receding water
levels, so that forest canopy transpiration would be reduced most at times of low water levels
following the loss of ash. Reduction of forest canopy water use throughout the growing season
would lead to persistently higher water levels during the growing season and a greater fall water level
rebound. Increased water levels may lead to a reduction of the elevated microsites favored by current
codominants, resulting in a less dense forest canopy, further reducing transpiration. A less dense
forest canopy will also lead to reduced canopy interception, while still preventing additional radiative
energy from reaching the forest floor and driving surface water evaporation and transpiration in the
understory. These effects in combination may result in a permanent alteration of the hydrologic regime
in these wetlands toward wetter conditions. Current research has focused on the survival and growth
of seedlings of potential replacement species. Our research indicates that the ecohydrologic role of
mature individuals may vary significantly between black ash and replacement species, regardless of
seedling survival and growth. The ecohydrologic role of mature individuals should be considered
when selecting a replacement to ameliorate persistent hydrologic changes. Further study of mature
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individuals of potential replacement species in high water table conditions is needed to inform
these decisions.
Supplementary Materials: All data and code used in this analysis is available through the Knowledge Network
for Biocomplexity repository [72]. The following are available online at www.mdpi.com/1999-4907/9/3/147/s1,
Table S1: Effect size, reported as Cohen’s d and exact Tukey-adjusted p-value (in parentheses) of pairwise
comparisons among species within water level bins and among water level bins within species of estimated
marginal means and slopes. Figure S1: Daily mean sap flux of individual probes by (A) daylight-normalized
vapor-pressure deficit (Dz) and (B) mean daily water level. Linear models with 95% prediction intervals fit
individually for each driver.
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